Abstract: Elevated soil fertility levels induced by continuous chemical fertilizer and (or) manure application may affect N loss potential and redistribution within soil-crop system. A 49-d packed soil column experiment with a factorial design of three soil fertility levels and four fertilization treatments was conducted to evaluate the effects of soil fertility and fertilization treatments on the accumulation and leaching risk of reactive N. The results showed that the 49-d cumulative leaching loss of total reactive N ranged from 176.3 to 499.0 kg N ha . The cumulative leaching losses of total dissolved nitrogen (TDN) and dissolved organic nitrogen (DON) in NPK treatment were significantly higher than those in other three treatments in fertility level I and II soils. The cumulative leaching loss of NO 3 − -N was significantly greater in NPK + M or NPK treatment than in CK treatment in fertility level I or III soils, and it was remarkably greater in M treatment than in other three treatments in fertility level II soil. In total, 64.0% of TDN in soil leachate existed in the form of DON, and 35.1% was nitrate-N among different soil fertility and fertilization treatments. These results indicated that DON was an important component of N leaching loss and could not be neglected in sustainable development of vegetable greenhouse soil. − , perte par lixiviation, sol pour la serriculture de légumes.
Introduction
Nitrogen is the primary limiting nutrient for crop production. In China, greenhouse vegetable production is a large and profitable industry. Vegetable production is highly dependent on the application of chemical fertilizer and organic manure at high rates in greenhouse soils (Yan et al. 2013) . The conventional application of N fertilizer ranges from 600 to 870 kg N ha −1 (Zhu and Chen 2002; He et al. 2007; Ju et al. 2009 ). The consumption of commercial fertilizer in China has increased in recent years. By the end of 2011, annual commercial fertilizer application reached 57 million tons per year (Chinese Statistical Bureau 2011) . However, increasing commercial fertilizer inputs in excess of crop needs can lead to N loss both to water (surface and groundwater) after intense rainfall or irrigation, and to the atmosphere through the processes of volatilization, denitrification, combustion, and mineralization (Xing and Zhu 2002; Li and Wang 2007; Zhao et al. 2007 ). Soil-dissolved N is the active nutrient and includes inorganic N (NH 4 + -N and NO 3 − -N) and dissolved organic N (DON). Soil-dissolved N is highly mobile with soil water movement in many soils and can easily leach to deeper soil layers or underground water as a result of excessive irrigation and fertilization, causing environmental pollution (Perakis and Hedin 2002; Barton et al. 2006; Khalili and Nourbakhsh 2012) . Many studies have focused on the transformation, migration, and environmental risks of high soil inorganic nitrogen levels (Campbell et al. 1993; Liu et al. 2008) . For example, excessive application of N fertilizer and heavy irrigation has resulted in environmental impacts from nitrate leaching in the Hetao irrigated area of Inner Mongalia (Hu et al. 2012) . Excessive chemical fertilizer application in Tai Lake region has led to an increase of nitrate loss through leaching and surface runoff, which in turn has resulted in the eutrophication of Tai Lake ). Nitrate loss from intensive vegetable greenhouse production in Shandong province is also of concern; 152-347 kg N ha −1 of nitrate leaching was observed from the 100 cm soil depth under local conventional agronomic practices (Song et al. 2009 ). The effects of fertilization on the fate of DON in soil have received much attention recently. Murphy et al. (2000) reported that the application of farmyard manure increased the leaching of DON due to high soil N content or the reduced sorption of DON to soil when compared with chemical N fertilizer in a continuous wheat experiment at Rothamsted. Meanwhile, the application of manure to soil (especially greenhouse soil) increases the accumulation of DON and may promote the loss of DON through leaching. Ju et al. (2011) evaluated N leaching in vegetable greenhouse soil in southeastern China. They found that the loss of DON accounted for 10% of the leached N. However, the leaching of DON from vegetable greenhouse soil in Northern China has not been adequately studied.
With the rapid expansion of intensive vegetable production in the northeast region of China, chemical fertilizer and organic manure are applied at high rates to greenhouse soils to sustain high yields and improve soil quality. The objective of this study therefore was to investigate the effects of soil fertility level and fertilization practices on the accumulation and leaching risk of soil reactive N in vegetable greenhouse systems of Northeast China.
Materials and Methods

Experimental design
The packed soil column experiment was carried out at the National Field Observation and Research Station of Agro-ecosystems in Shenyang, a member station of the Chinese Ecosystem Research Network (CERN) established in 1987 (41°31′N and 123°24′E). Soil samples (Alfisol in US Soil Taxonomy) with the same soil texture were collected from the 0-20 cm and 20-40 cm depth in vegetable greenhouses in Damintun, which had received 20, 40, or 60 t ha −1 poultry manure for 5 yr leading to three levels of soil fertility in the 0-20-cm soil layer (Table 1 ). All the soil samples were sieved through a 5 mm sieve and mixed thoroughly prior to being packed into the soil columns. The soil columns were made of Plexiglas with an inner diameter of 24 cm and a height of 50 cm. Three water outlets with an inner diameter of 1.2 cm and a height of 10 cm were located at the bottom of each soil column for leachate collection. Altogether, 36 soil columns were packed with the sieved soil at a bulk density of 1.3 g cm . Briefly, a piece of 100-mesh nylon filter screen was put at the bottom of each column, and then, acidwashed quartz sand was slowly packed into the column and reached 1 cm thickness. Another piece of 100-mesh nylon filter screen was set above the quartz sand, and sieved soil samples from 20 to 40 cm depth was slowly packed over the quartz sand. Chemical fertilizer and (or) manure were adequately homogenized with sieved surface soil samples from the 0-20 cm depth in a piece of plastic cloth, and then the mixtures were packed into the top layer of the column.
The experiment was a factorial design of three soil fertility levels (fertility level I, defined as relative low nutrient content; fertility level II, defined as middle nutrient content; fertility level III, defined the relative high dissolved organic nitrogen. Chemical fertilizer and (or) poultry manure were applied as basal in the corresponding treatments. Each treatment was replicated three times. The leaching experiment was conducted from 22 April to 9 June 2011 to coincide with the growth stages of lettuce under greenhouse conditions. The soil columns were slowly wetted up to 20% water content at a rate of 60 mm h −1 by evenly spraying distilled water over the surface of soil column before one lettuce was transplanted in the column.
Sampling and analytical methods
The soil columns were leached with 3 L of distilled water equivalent to 16.6 mm once every 3 d. The distilled water was evenly sprayed over the surface of soil column. The rate of the leachate collected was 0.16 mm min −1 . All of the leachate was collected in a 4 L plastic bin until no leachate dropped from water outlets, and weighted accurately and mixed thoroughly. A 200 mL volume of leachate from plastic bin was sampled and stored at −20°C until the analysis of total dissolved N (TDN), NH 4 + -N, and NO 3 − -N. The leachate was passed through a 0.45 μm filter before analysis. The content of TDN was determined by the high-temperature catalytic oxidation method using Multi 3100 C/N analyzer (Analytic Jena, Germany). The Multi 3100 N/C analyzer injects 300 μL of the leachate into a combustion furnace held at 850°C with subsequent detection of NO using a chemiluminescence detector. The contents of NO 3 − -N and NH 4 + -N were measured by MgO-Devarda alloy distillation method (Keeney and Nelson 1982) . The content of DON was calculated from the difference between TDN and the sum of NH 4 + -N and NO 3 − -N (Chen et al. 2005; Jones and Willett 2006) . At the end of the 49-d experiment, all fresh lettuces plants in each soil column were collected on 9 June 2011 and weighted for aboveground biomass. The plants were immediately dried at 65°C until constant weight, ground, and sieved through a 250 μm mesh for the analysis of total N. Total N in soil and lettuce was determined by the Kjeldahl method (Bremner and Mulvaney 1982) . Soil microbial biomass C and N were measured using the chloroform fumigation extraction method (Brookes et al. 1985; Vance et al. 1987 ). 
Statistical analysis of data
A two-way ANOVA was used to test for significant differences between soil fertility and fertilization treatments in the accumulation and leaching risk of soil reactive N. Least significant difference (LSD) was calculated for the interactive effects of soil fertility and fertilization treatments. Differences with a probability level of P < 0.05 were considered significant. SPSS 16.0 software (SPSS Inc., Chicago, IL) was use in all statistical analyses (Yao and Wu 2010; Lu et al. 2015) .
Results
Dynamics of NH4
+ -N, NO − -N can be seen on days 4-22 in the three different fertility soils (P < 0.05, Fig. 1) .
The concentrations of DON in leachate ranged from 0.01 to 33.95 g m −2 among the different soil fertility and fertilization treatments (Fig. 1) . The dynamics of DON leaching with sampling time can be described as a unimodal curve, significantly increasing on day 4 and spiking on day 7 with a gradually decline after day 10. Fertilization practices significantly affected the concentrations of DON on day 7 under soil fertility levels I and II (P < 0.05). (Fig. 2) . The significant interactive effects between soil fertility and fertilization treatments were found in the cumulative leaching losses of TDN, NO 3 − -N, and DON (Fig. 2) . Soil fertility affected significantly the cumulative leaching loss of NH 4 + -N.
The cumulative leaching losses of TDN and DON significantly increased with the increment in soil fertility for all fertilization treatments. In fertility level I soil, the cumulative leaching loss of TDN increased significantly in the order of CK or M < NPK + M < NPK, and that of DON in NPK treatment was significantly greater than those in CK, M, and NPK + M treatments (P < 0.05). In fertility level II soil, the cumulative leaching losses of TDN and DON in NPK treatment were significantly greater than those in CK, M, and NPK + M treatments (P < 0.05). There were no significant differences between different fertilization practices in fertility level III soil (P > 0.05). The cumulative leaching loss of NO 3 − -N in NPK + M or NPK treatment was significantly higher than that in CK treatment in fertility level I or III soils (P < 0.05). The cumulative leaching loss of NO 3 − -N in M treatment was remarkably greater than those in CK, NPK, and NPK + M treatments in fertility level II soil (P < 0.05). The cumulative leaching loss of NH 4 + -N in fertility level I soil was 52.5% and 67.7% higher than those of fertility level II and III soils, respectively (P < 0.001).
The majority of leached TDN existed in the form of DON for all fertilization treatments, accounting for an average of 49.4%, 69.4%, and 73.2% of TDN in the leachate from fertility levels I, II, and III, respectively. Nitrate-N accounted for 49.1%, 30.0%, and 26.4% of TDN, respectively. The percentages of soil NH 4 + -N were less than 1.5% on average.
Lettuce yield and N uptake
Soil fertility and fertilization practices had distinct impacts on lettuce yield (Fig. 3, P < 0.01) . The lettuce yield in M and NPK + M treatments was significantly higher than that in CK and NPK treatments in fertility level I and II soils (P < 0.05). The application of poultry manure alone and in combination with NPK chemical fertilizer significantly increased lettuce yield by 55.7% and 54.2% in fertility level III soil, compared with CK treatment (P < 0.05). There were significant interactive effects between soil fertility and fertilization treatments in total N uptake of lettuce (P < 0.05). The application of poultry manure alone and in combination with NPK chemical fertilizer significantly increased total N uptake of lettuce in fertility level I soil, compared with CK and NPK treatments. In soil with fertility level II, total N uptake of the lettuce in M treatment was significantly elevated by 71.0% and 50.4%, compared with CK and NPK treatments (P < 0.05). Compared with CK, total N uptake of the lettuce was remarkably enhanced by 50.9%, 67.8% and 54.5% in NPK, M, and NPK + M treatments under fertility level III conditions, respectively (P < 0.05). + -N, NO 3 − -N, and DON from the different soil fertility and fertilization treatments. Bars indicate the standard deviations. Within each fertility level, lowercase letters represent the significant differences between different fertilization treatments, respectively; bars with the same letters suggested no significant differences in t test (P < 0.05) (SF, soil fertility; FT, fertilization treatment).
Discussion
Currently, more attention is being given to the leaching risk of NO 3 − -N from vegetable greenhouse soil, especially under heavy fertilization and irrigation management conditions (Ju et al. 2006; Guo et al. 2009; Min et al. 2011 ). Ju et al. (2006 found that the amount of NO 3 − -N in the 0-180 cm soil layers in greenhouses was significantly higher than in wheat and maize cropping systems, and that shallow groundwater had been severely polluted by nitrate in this cropping system. Guo et al. (2010) reported high N mineralization rates and N leaching losses in vegetable production in China, indicating that previously published estimates of N leaching in these greenhouse vegetable systems strongly underestimated the mineralization potential of soil organic matter. However, some studies indicated that DON is also an important component of reactive N in soil and the magnitude of its loss to water has been documented to be greater than previously thought (Christou et al. 2005; van Kessell et al. 2009; Lutz et al. 2011 ). Ju et al. (2011 indicated that the application rate of chemical fertilizer N significantly affected the N leaching loss potential in greenhouse vegetable fields in Southeastern China. Leaching was the primary N loss pathway at high application rates of chemical fertilizer N, and the total amount of leached N increased with the increasing N application rate. Nitrate-N was the main form of N lost by leaching and exceeding 87% of total N. Dissolved organic N contributed up to 10% of the total N leached, while NH 3 volatilization only contributed 0.1%-0.6% to the apparent total N loss.
In the present study, we have gained new insight into the leaching loss of major reactive N components in soil (including NH 4 + -N, NO 3 − -N, and DON) from the vegetable greenhouse system in Northeast China. The results showed that soil fertility and fertilization practices significantly affected the accumulation of different reactive N pools and their leaching loss risk. The cumulative leaching loss of reactive N significantly increased in order from low to high as M or CK < NPK + M < NPK for all fertility levels. Increasing of soil fertility levels increased the leaching risk of soil reactive N. Application of chemical fertilizer alone increased the leaching risk of reactive N in fertility levels I and II soils, compared with CK, M, and NPK + M treatments. However, application of poultry manure alone or in combination with chemical fertilizer had no effect on the leaching risk of reactive N in fertility level II and III soils, compared with CK.
After 49 d, the leaching loss of DON was the highest, and across treatments accounted for 64.0% of TDN. The leaching loss of DON occurred mainly within the first 10 d of the experiment. During this period, 94.7% of DON loss was accounted for. The dynamic change and cumulative leaching loss of DON were affected by both fertilization practices and soil fertility conditions. The cumulative leaching loss of DON increased with the increase of soil fertility level. The differences in the Fig. 3 . Aboveground biomass and N uptake of lettuce. Bars indicate the standard deviations. Within each fertility level, lowercase letters represent the significant differences between different fertilization treatments, respectively; bars with the same letters suggested no significant differences in t test (P < 0.05) (SF, soil fertility; FT, fertilization treatment). fertility of the greenhouse soils, as indicated by the differences in soil properties (Table 1) , were mainly induced by many years of different rates of manure application, consequently exerting more profound impacts than the application of chemical fertilizer, not only on the yield and N uptake of lettuce (Fig. 3) , but also on the leaching loss of DON in the vegetable greenhouse soils. Wang et al. (2008) also found a close relationship of leaching of DON with soil fertility. The cumulative leaching loss of DON induced by chemical fertilizer and (or) manure was quite variable across the soil fertility levels due to different application rates of poultry manure for 5 yr. The application of NPK promoted the loss of DON, especially in the first 10 d of the leaching experiment. The single application of NPK fertilizer was found to be more effective in promoting the cumulative leaching loss of DON in soil with fertility levels I and II. These results suggest that the fertilizer-induced variations in leaching loss of DON from the vegetable greenhouse soil were affected by the fertility status of the soil. Such a positive correlation between the output flux of DON and the input level of inorganic N has also been found in arable and grassland soils by other researchers (Neff and Hooper 2002; Sun and Song 2006) .
The leaching loss of NO 3 − -N accounted for 35.1% of TDN across treatments. Fertilization practices had significant effects on the leaching loss of NO 3 − -N. However, soil fertility level had no effect on the leaching of NO 3 − -N. There may be two possible reasons: (1) The higher soil microbial biomass C and N content with fertility level I and II induced higher NO 3 − -N assimilation for meeting the microbial growth and decreased the excessive accumulation and leaching risk of soil NO 3 − -N, and (2) the remarkable lettuce yield and N uptake in the fertility level III soil also lowered the accumulation and leaching risk of soil NO 3 − -N (Figs. 2 and 3 ).
Conclusions
Leaching loss of dissolved N from the vegetable greenhouse soil was augmented under the high inputs of commercial fertilizer or poultry manure. The presence and migration of significant amounts of DON in the soil under irrigation has been confirmed, indicating that this once unrecognized source was an important component of N leaching loss from vegetable greenhouse soil. The application of chemical fertilizer and poultry manure to vegetable greenhouse soil enhanced the leaching potential of DON. The level of soil fertility, normally enhanced after several years of inputs of organic manure, was found to be another important factor influencing N leaching in vegetable greenhouse soils. Increasing the level of soil fertility increased the leaching risk of reactive N in soil. We conducted the study only in packed soil column experiment, and long-term leakage test of in situ experiments is required to elucidate the effects of soil fertility level and fertilization practices on leaching risk of reactive N for providing feasible fertilization practices under different fertility level conditions.
